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In this work, device performances of tunneling field effect transistors (TFETs) based on phosphorene
are explored via self-consistent atomistic quantum transport simulations. Phosphorene is an ultra-thin
two-dimensional (2-D) material with a direct band gap suitable for TFETs applications. Our simula-
tion shows that phosphorene TFETs exhibit subthreshold slope below 60mV/dec and a wide range of
on-current depending on the transport direction due to highly anisotropic band structures of phos-
phorene. By benchmarking with monolayer MoTe2 TFETs, we predict that phosphorene TFETs ori-
ented in the small effective mass direction can yield much larger on-current at the same on-current/
off-current ratio than monolayer MoTe2 TFETs. It is also observed that a gate underlap structure is
required for scaling down phosphorene TFETs in the small effective mass direction to suppress the
source-to-drain direct tunneling leakage current.VC 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4913842]
Tunneling field effect transistors (TFETs) have gained a
lot of attention over the past few years due to the ability to
achieve subthreshold slope (SS) steeper than 60mV/dec, a
fundamental limit in metal-oxide-semiconductor field effect
transistors (MOSFETs).1 With the reduced SS, TFETs pro-
vide a promising path to scale down the supply voltage, and
hence reduce static and dynamic power consumptions. There
have been numerous researches to explore band-to-band tun-
neling principles in silicon,2 germanium,3 and III-V materi-
als4,5 to obtain SS less than 60 mV/dec with the high on-
current/off-current ratio. In recent years, atomically thin
two-dimensional (2-D) layered materials such as graphene,
topological insulators (TIs), and transition metal dichalcoge-
nides (TMDs) have found great significance due to the out-
standing electrostatic integrity. With the improved gate
control over the channel, TFETs based on 2-D materials
have become promising options for ultra-low power devices.
Graphene nanoribbon (GNR) TFETs with a tunable band
gap have been simulated to exhibit excellent device perform-
ances.6 However, it is challenging to control the width of
GNR perfectly to avoid the line edge roughness issue.7,8
TFETs using TMDs and TIs whose band gap sizes are con-
trolled by the thickness would be analogous to GNR TFETs,
but without the sensitivity to ribbon width and edge rough-
ness. The potential of ultra-thin TIs Bi2Se3 as a channel ma-
terial in TFETs has been explored.9,10 A theoretical study
has proven the possibility of monolayer TMDs for TFETs,
but with limited device performances.11 Very recently,
another 2-D layered material, phosphorene, was obtained
experimentally and proposed for FETs applications.12,13
Phosphorene, a single layer of black phosphorus arranged in
a puckered honeycomb structure, has a direct and thickness
dependent band gap.12,14–17 Unlike other 2-D materials,
phosphorene exhibits a high degree of anisotropy in the band
structures.12,14,15,17,18 This unique anisotropy is helpful to
enhance the device performance by providing a small trans-
port mass leading to a high carrier velocity as well as a large
transverse mass leading to a large density of states. In this
work, we evaluated device performances of TFETs based on
phosphorene through ballistic quantum transport simulations.
Due to the anisotropic band structure, device performances
of phosphorene TFETs were found to be sensitive to the
phosphorene crystal orientation. We also simulated device
performances of monolayer MoTe2 TFETs under the same
biasing conditions and revealed that phosphorene TFETs can
outperform. Finally, we report the scaling behavior of phos-
phorene TFETs.
The primitive unit cell of phosphorene is rectangular with
a four-atom basis, as shown by the top view of phosphorene in
Fig. 1(a). We investigated band structures through density
functional theory (DFT) calculations with the OPENMX
code19 using the linear combination of pseudoatomic orbital
(PAO) method. PAO basis set for the phosphorus atom was
carefully chosen to reproduce the band structure obtained by
plane wave based DFT calculations.12,14,17,18 We adopted the
local density approximation (LDA)20 for exchange-correlation
energy functional and used a kinetic energy cutoff of 300 Ryd
and 7  7  1 k-mesh. Since it has been reported that DFT
optimized lattice parameters are very close to the experimen-
tally measured values,12,14,16–18 we employed experimental
bulk lattice parameters of 4.38 and 3.31 A˚ for the in-plane lat-
tice constants ax and ay (Fig. 1(a)) to construct the phosphor-
ene structures.21 Similar to the previous studies, we found a
direct band gap at the C point and the calculated band gap size
is 0.93 eV close to other theoretical reports.12,17,18 It is well
known that DFT shows the significant dependence of band
gap size on the energy functionals. Indeed, band gap values
with PBE functional are 0.8414 and 0.9117,18 eV while using
HSE06 functional results in 1.0,12 1.52,14 and 1.5 eV.17
Experimental observations also exhibit certain variations such
as 1.3122 and 1.4512 eV via photoluminescence spectra and
1.0 eV from the transfer characteristics of phosphorene
FETs.16 Since our simulation produces the band gap quite
close to the experimental value, obtained through the transfer
characteristics of phosphorene FETs, our calculated band
structures are valid for further device simulations. Band struc-
tures are highly anisotropic as predicted in other
reports.12,14,15,17,18 From Fig. 1(c), effective masses of
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electron and hole are very small (me
*¼ 0.115me and
mh
*¼ 0.12me) in x-direction while those increase drasti-
cally (me
*¼ 1.17me and mh*¼ 1.65me) in y-direction.
Tight-binding (TB) potentials used in the quantum transport
simulation were obtained from DFT using maximally local-
ized Wannier functions (MLWFs).23 The Wannier functions
and hopping potentials were calculated directly from the DFT
Kohn-Sham orbitals and potential also using OPENMX. As in
Fig. 1(c), the resulting TB band structures match well with the
original DFT band structures.
For the transport calculation, we defined a series of rec-
tangular unit cells in the simulation region along the transport
direction. Two transport directions x (small effective mass)
and y (large effective mass) shown in the top view of phos-
phorene in Fig. 1(a) were considered. A double gate (DG)
structure with the gate dielectric of 2.5 nm HfO2 (j¼ 25) was
simulated as illustrated in Fig. 1(b). We employed a p-i-n
(p-type, intrinsic, n-type) doping profile for source-channel-
drain. Dielectric constant of 10 was adopted for phosphor-
ene.24 We assumed no work function difference between the
gate and the channel for simplicity. To model ballistic quan-
tum transport, propagating wave functions were obtained
using a recursive scattering matrix approach.25 Source and
drain leads are in the thermal equilibrium with the externally
applied bias, and are used for injecting eigenmodes. Periodic
boundary conditions were imposed in the device width direc-
tion. The total current was calculated by integrating the trans-
mission probabilities over energy with the Fermi function
weight. Ballistic transport equation was solved iteratively to-
gether with the Poisson’s equation until self-consistency
between charge density and electrostatic potential is
achieved. All simulations were performed at 300K.
We first investigate the device performances of phos-
phorene TFETs in the small effective mass direction (x-direc-
tion). Fig. 3(a) shows the transfer characteristics of 20 nm
gate length device without gate underlap (LUL¼ 0 nm) for
different source doping concentrations at VDS¼ 0.5V. We
keep the drain doping concentration ND at 1 1013/cm2 while
increasing the source doping concentration NS from 1 1013/
cm2 up to 5 1013/cm2. We define VGS so that the off-current
Ioff is 10
5lA/lm at VGS¼ 0V with NS¼ 5 1013/cm2 to
satisfy the ITRS (International Technology Roadmap for
Semiconductors) requirement for low standby power applica-
tions.26 In Fig. 3(a), all cases exhibit SS less than 60mV/dec,
the theoretical limit for conventional MOSFETs at 300K.
The current at high VGS is enhanced by more than 200 times
by increasing the doping concentration in the source from
1 1013/cm2 up to 5 1013/cm2 since a higher doping con-
centration reduces the screening length for tunneling. With
NS¼ 5 1013/cm2, SS 28mV/dec, Ion¼ 47lA/lm at
VGS¼ 0.5V, Ioff¼ 105lA/lm at VGS¼ 0.0V, and Ion/Ioff ra-
tio more than 106 with a supply voltage VDD¼ 0.5V are
achieved. We may expect to lower the minimum leakage cur-
rent with a higher level of source doping which suppresses
the thermionic current by reducing the number of minority
carriers above the conduction band (CB) edge in the source,
but the minimum leakage current also increases with the
higher source doping concentration shown in Fig. 2(a). To
understand the components of minimum current, CB and va-
lence band (VB) edges profiles along the device for
NS¼ 5 1013, 4 1013, 3 1013, and 2 1013/cm2 at VGSmin
(the gate voltage at the minimum current) indicated in Fig.
2(a) are plotted in Fig. 2(b). Corresponding energy resolved
current densities are shown in Fig. 2(c) which reveals three
components of leakage current: electron thermionic current
from the source CB edge, hole thermionic current from the
drain VB edge and source-to-drain tunneling current. From
Fig. 2(c), the electron thermionic current above the source
CB edge decreases with the heavier source doping since CB
edge moves away from the source Fermi level as seen in Fig.
2(b). On the other hand, the hole thermionic current below
the drain VB edge remains unchanged due to the fixed drain
doping concentration. However, the last component of leak-
age current, the source-to-drain tunneling current, increases
for the higher source doping level since CB edge becomes
closer to VB edge in the source-channel interface region in
FIG. 1. (a) Top view of phosphorene
showing a rectangular unit cell and
corresponding 1st Brillouin Zone (BZ)
with high symmetric points. (b)
Simulated device structure of p-i-n
phosphorene DG TFETs. LG and LUL
are the gate length and the gate under-
lap length, respectively. Doping con-
centrations of source and drain are
represented by NS and ND, respec-
tively. Band structures of (c) phosphor-
ene and (d) monolayer MoTe2 along
the high symmetric paths in the rectan-
gular BZ and hexagonal BZ, respec-
tively, calculated from DFT (solid
lines) and from TB Hamiltonian
(circles).
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Fig. 2(b), leading to the enhanced tunneling efficiency. In this
large band gap material aligned in the small effective mass
direction, the leakage current is dominated by the source-to-
drain tunneling current rather than the thermionic current as
shown in Fig. 2(c). Therefore, even though a higher source
doping concentration yields lower thermionic current, it
results in the increase of overall minimum leakage current.
Device performances of phosphorene TFETs in the large
effective mass direction (y-direction) are simulated and com-
pared with those in the small effective mass direction (x-
direction). Fig. 3(a) compares the transfer characteristics of
20 nm gate length device without gate underlap (LUL¼ 0 nm)
in the transport direction x (dark blue circle) and y (purple
star) at VDS¼ 0.5V. Corresponding plots of Ion as a function
of Ion/Ioff ratio and Ioff at the power supply voltage
VDD¼ 0.5V (VonVoff¼VDD) are shown in Figs. 4(a) and
4(b), respectively. Source and drain doping concentrations of
5 1013/cm2 and 1 1013/cm2, respectively, are used since
high Ion/Ioff ratio and good SS are obtained in the transport
direction x as discussed above. From Fig. 3(a), current is sig-
nificant suppressed in y-direction as the large effective mass
translates to the low tunneling probability. As a result, phos-
phorene TFETs can provide more than 108 times higher Ion
in x-direction than in y-direction at the same Ion/Ioff ratio as
seen in Fig. 4(a). This comparison clearly highlights the
need to identify the crystal orientation of phosphorene for
optimal device performances. To benchmark phosphorene
TFETs, we carry out quantum transport simulations of
FIG. 3. (a) Transfer characteristics of phosphorene TFETs in the transport direction x for different channel lengths LG¼ 10, 15, and 20 nm with gate underlap
LUL¼ 0 or 10 nm at VDS¼ 0.5V. Simulation results of phosphorene TFETs in the transport direction y and monolayer MoTe2 TFETs with LG¼ 20 nm and
LUL¼ 0 nm are shown for comparison. Source and drain doping concentrations are 5 1013/cm2 and 1 1013/cm2, respectively, for all cases. (b) CB and VB
edges profiles along the device for LG¼ 10, 15, and 20 nm with LUL¼ 0 or 10 nm at VGSmin in (a). EFS and EFD represent Fermi levels in the source and drain,
respectively. (c) Corresponding energy resolved current densities. The electron and hole thermionic current from the source CB edge and drain VB edge,
respectively, remain same while the source-to-drain direct tunneling current increases for shorter gate length.
FIG. 2. (a) Transfer characteristics of phosphorene TFETs in the transport direction x for different source doping concentrations NS¼ 5 1013, 4 1013,
3 1013, 2 1013, and 1 1013/cm2 at VDS¼ 0.5V with LG¼ 20 nm and LUL¼ 0 nm. Drain doping concentration ND is kept at 1 1013/cm2. (b) CB and VB
edges profiles along the device for NS¼ 5 1013, 4 1013, 3 1013, and 2 1013/cm2 at VGSmin in (a). EFS and EFD represent Fermi levels in the source and
drain, respectively. (c) Corresponding energy resolved current densities. The electron thermionic current from the source CB edge decreases for the higher NS
while the source-to-drain direct tunneling current increases.
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monolayer MoTe2 TFETs using the same simulation
approach and device parameters of phosphorene TFETs. TB
parameters for monolayer MoTe2 used in our previous
work27 are adopted. Among several Mo based TMDs,
MoTe2 is chosen since it exhibits the smallest band gap
(1.1 eV). Transport only in the direction from C to K in
Fig. 1(d) is considered, but we expect that nearly isotropic
carrier effective masses (me
* 0.64me and
mh
* 0.78me) of monolayer MoTe2 result in similar
transfer characteristics irrespective of transport directions.
Simulation results of monolayer MoTe2 TFETs are com-
pared with those of phosphorene TFETs in Figs. 3(a) and 4,
suggesting that phosphorene TFETs in the small effective
mass direction outperforms monolayer MoTe2 TFETs.
Phosphorene TFETs exhibit approximately 103 times larger
Ion at the same Ion/Ioff ratio compared with monolayer
MoTe2 TFETs when phosphorene is aligned in the small
effective mass direction.
The scaling limit of phosphorene TFETs in the transport
direction x is explored by simulating 15 and 10 nm gate
length devices with the same parameters of 20 nm one. From
the transfer characteristics of 20 (dark blue circle), 15 (dark
blue triangle), and 10 (dark blue square) nm gate length devi-
ces in Fig. 3(a), as the gate length LG is scaled below 20 nm,
the minimum leakage current increases exponentially, and
reaches more than 105lA/lm as LG shrinks to 10 nm. As a
result, the maximum achievable Ion/Ioff ratio drops down to
about 5 105 with LG¼ 10 nm as observed in Fig. 4(a). To
explain the drastic increase of minimum leakage current for
LG< 20 nm, we show CB and VB edges profiles (Fig. 3(b))
along with the energy resolved current densities (Fig. 3(c))
for 20 (blue circle), 15 (green triangle), and 10 (red square)
nm gate length devices, respectively. CB and VB edges pro-
files in Fig. 3(b) are at VGSmin, the gate voltage at the mini-
mum current in the 20 nm device, indicated in Fig. 3(a).
Since the device parameters are the same but only with differ-
ent gate lengths, energies of CB and VB edges in the source,
channel and drain, respectively, are almost same for all three
gate lengths. Therefore, electron and hole thermionic currents
above the source CB edge and below the drain VB edge,
respectively, are independent of the gate length as in Fig.
3(c). However, as the gate length is scaled down, the width of
tunneling between VB edge in the source-channel interface
and CB edge in the channel-drain interface is reduced, nar-
rowing down the tunneling barrier for the source-to-drain
direct tunneling leakage current. Due to very small electron
and hole effective masses in the x-direction transport, the
direct tunneling leakage current rapidly increases with
LG< 20 nm in Fig. 3(c), thereby limiting the gate length scal-
ability. In order to suppress the minimum current in the
10 nm gate length device, we use a gate underlap of 10 nm at
the drain end of the channel. Introducing gate underlap results
in a nearly linear potential drop in the ungated region of the
channel, which increases the width of source-to-drain direct
tunneling barrier near the drain Fermi level, as shown by
band edges profiles (diamond brown) in Fig. 3(b). The
increase of tunneling barrier thickness leads to an exponential
decrease of the source-to-drain tunneling leakage current, as
seen by the current spectrum (diamond brown) in Fig. 3(c),
hence improving the maximum achievable Ion/Ioff ratio up to
107 by pushing the minimum current down to about 106lA/
lm as shown in Fig. 4. As a result, Ioff requirement of 10
5
lA/lm by ITRS for the low standby power applications can
be fulfilled in the 10 nm gate length device with Ion/Ioff
ratio> 106 as indicated by the red dash line in Fig. 4.
We note that these simulations are within the approxi-
mation of ballistic transport. Including scattering processes,
especially electron-phonon scattering, may impose limits on
the achievable minimum leakage current and SS. Electron-
phonon scattering could affect the simulation results of bal-
listic transport in the long channel device or in the large
effective mass direction transport where the majority of leak-
age current is attributed to the phonon-assisted band-to-band
tunneling with the negligible direct source-to-drain tunnel-
ing.28 In the short channel limit or in the small effective
mass direction transport, however, the effect of phonon
assisted tunneling is limited since the source-to-drain tunnel-
ing is dominant in the leakage current as in Fig. 3(c).
In conclusion, we have assessed device performances of
phosphorene TFETs through the self-consistent ballistic
FIG. 4. (a) Ion vs. Ion/Ioff ratio and (b)
Ion vs. Ioff at VonVoff¼VDD¼ 0.5V
for phosphorene TFETs in the transport
direction x for different channel lengths
LG¼ 10, 15, and 20nm with gate
underlap LUL¼ 0 or 10nm. Simulation
results of phosphorene TFETs in the
transport direction y and monolayer
MoTe2 TFETs with LG¼ 20nm and
LUL¼ 0 nm are shown for comparison.
Ion at Ioff¼ 105lA/lm (ITRS require-
ment for low standby power applica-
tions) and corresponding Ion/Ioff ratio
are indicated in (b) and (a),
respectively.
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quantum transport simulation. Due to the anisotropic band
structures of phosphorene, device performances substantially
depend on the transport direction. By changing the transport
direction from the large to small effective mass, Ion can be
boosted more than eight orders of magnitude due to the
enhanced tunneling efficiency. Compared with monolayer
MoTe2 TFETs, phosphorene TFETs aligned in the small
effective mass direction achieves three orders of magnitude
larger Ion at the same Ion/Ioff ratio, suggesting superiority of
phosphorene to monolayer MoTe2 for TFETs application. In
the scaling limit, a properly designed gate underlap is needed
as the device scalability in the small effective mass direction
suffers from the source-to-drain direct tunneling current.
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